Introduction
This paper presents the dynamic behaviors of a pneumatic cylinder. It is known that the friction force acting on the contacting surfaces between the piston and cylinder wall of a pneumatic cylinder shows a high nonlinearity especially at low velocities. Therefore, accurate positioning of a pneumatic cylinder is not easy. This paper shows friction and vibration behaviors of a pneumatic cylinder and the relation between the friction characteristics and the vibration characteristics of the pneumatic cylinder. Moreover, the effect of the dwell time on the break-away force is also examined.
Nomenclature
A ： pressure-receiving area a ： acceleration F ： force g ： acceleration of gravity m ： mass p ： pressure t ： time v ： velocity z ： position Subscript 1 ： lower cylinder chamber 2 ： upper cylinder chamber b ： break-away d ： dwell max ： maximum min ： minimum r ： friction z ： z direction
Experimental Apparatus and Method
The experimental apparatus is shown in Figure 1 An experimental study of the dynamic behaviors of a pneumatic cylinder is presented, and the relation between the friction characteristics and the vibration characteristics is discussed. In the experiments, a pneumatic cylinder is operated in upward or downward motion. The piston velocity was varied to investigate dynamic friction characteristics and their effect on the vibration characteristics.
Step input signals or half-period sinusoidal input signals were supplied to flow control valves when measuring dynamic friction characteristics. When the frequency of the sinusoidal signal and the stepwise velocity are increased, the size of the hysteresis loop is increased. A stick-slip motion takes place more easily in upward motion. Finally, the effect of the dwell time on the dynamic friction characteristic is examined. The break-away force increases with the increase of the dwell time, but the dwell time for the break-away force to become the constant value (the maximum static friction force) considerably differs in the operation direction. These behaviors agree with those reported by Tran et al. 5) . Figure 6 shows a typical example of a measured velocity, friction force and acceleration in z-direction of the cylinder when a stepwise signal was supplied to the proportional control valves in the extending and retracting strokes. The velocity was varied almost stepwise as shown in Fig.6(a) . In both strokes, it is seen that at the beginning of the cylinder operation, the maximum acceleration a z max is generated at the same time the friction force is rapidly decreased from the maximum value to the minimum one. Vibration characteristics similar to Fig.6(c) were observed at the other stepwise velocities.
The Case for Stepwise Input Signal
Until just before the piston starts to move, the static friction force is formed on the contact surfaces of the pneumatic cylinder. As the pressure in the cylinder chamber is increased by the supplied air, the force to push the cylinder increases. When the force to push the piston exceeds the maximum static friction force, the piston begins to move. At the moment, the friction force is suddenly decreased due to the Stribeck effect. Therefore, the piston is rapidly accelerated.
It may be considered that such a relatively large acceleration is caused by the sudden decrease in friction force. Figure 7 shows the relation between F r max -F r min and ma z max in both strokes. The broken line shows the relation of ma z max = F r max -F r min . It is seen from Fig.7 that ma z max , i.e., a z max , is not necessarily increased with the increase of F r max -F r min . In stepwise input signal, when the stepwise velocity is increased, F r max , F r min and a z max is increased. However, F r max -F r min is decreased with the increase of the stepwise velocity. Therefore, ma z max is decreased with the increase of F r max -F r min as shown in Fig.7 . Fig.9(b) ), the friction force is oscillated ( Fig.9(c) ). In the experiments, the stick- Figure 11 shows the dynamic friction force behavior for the dwell time of 0 s and 300 s. The break-away force and the shape and size of the hysteresis loop are different between the two dwell times. Figure 12 shows the effect of the dwell time t d on the break-away force F b in the extending and retracting strokes.
Effect of Dwell Time on Break-away Force
It is seen that the break-away force increases with the increase of the dwell time but tends to approach a constant value asymptotically at the dwell time longer than 120 s and 240 s, respectively. The effect of the dwell time on the break-away force in the extending and retracting strokes were made clear. Modeling of the dynamic friction behaviors is the subject for a future study.
Conclusion

